How chemical signals are integrated at the peripheral sensory system of insects is still an enigma. Here we show that when coexpressed with Orco in Xenopus oocytes, an odorant receptor from the southern house mosquito, CquiOR32, generated inward (regular) currents when challenged with cyclohexanone and methyl salicylate, whereas eucalyptol and fenchone elicited inhibitory (upward) currents. Responses of CquiOR32-CquiOrco-expressing oocytes to odorants were reduced in a dose-dependent fashion by coapplication of inhibitors. This intrareceptor inhibition was also manifested in vivo in fruit flies expressing the mosquito receptor CquiOR32, as well in neurons on the antennae of the southern house mosquito. Likewise, an orthologue from the yellow fever mosquito, AaegOR71, showed intrareceptor inhibition in the Xenopus oocyte recording system and corresponding inhibition in antennal neurons. Inhibition was also manifested in mosquito behavior. Blood-seeking females were repelled by methyl salicylate, but repellence was significantly reduced when methyl salicylate was coapplied with eucalyptol.
HIGHLIGHTS
We found dual inhibitory/ excitatory odorant receptors (ORs) in mosquitoes Inhibitory and endogenous ORs coexpressed in flies showed lateral inhibition
The bipolar nature of these inhibitory ORs was displayed in electrophysiology
The duality excitation/ inhibition was also manifested in mosquito behavior
INTRODUCTION
Integration of chemical signals at the peripheral sensory system (antennae, maxillary palps, and proboscis) remains one of the least understood mechanisms of insect olfaction, particularly in mosquitoes. Despite the great progress made in the last 2 decades in understanding how receptors form the basis of chemosensory perception in insects, how olfactory (as well as taste) signals integrate at the periphery remains an enigma (Joseph and Carlson, 2015) . ''It is as if a new continent has been discovered but only the coastline has been mapped'' (Joseph and Carlson, 2015) . In the largest majority of reported cases (Hill et al., 2009; Syed and Leal, 2009; Ye et al., 2016) , antennal neurons of Cx. quinquefasciatus displayed excitatory responses (increased spike frequency upon stimulus), but evidence for inhibitory responses (reduction in spontaneous activity upon stimulus), already known for Ae. aegypti (Ghaninia et al., 2007) , is now emerging for Cx. quinquefasciatus (Ye et al., 2016) . It has been observed in moths (Kaissling, 1996) , beetles (Nikonov and Leal, 2002) , the fruit (vineger) fly (Su et al., 2012) , and mosquitoes (Tauxe et al., 2013 ) that activation (firing) of one neuron interferes with signaling of other olfactory receptor neurons (ORNs; also referred to as olfactory sensory neurons). It has also been reported that a single compound (iodobenzene) caused reduction of nerve impulse (inhibition) followed by a transient post-stimulus excitation (de Brito sanchez and Kaissling, 2005) . Although Carlson and collaborators elegantly demonstrated that in the fruit fly lateral inhibition is most likely mediated by ephaptic coupling (Su et al., 2012) , the complete ensemble of the molecular mechanism(s) of inhibition at the peripheral olfactory system of mosquitoes remains terra incognita. A simple explanation of the ephaptic coupling is that, upon (continuous) stimulation of an ORN, the (external) potential (of the sensillum lymph surrounding dendrites) declines. Consequently, per channel current generated by a cocompartmentalized neuron (when stimulated by its cognate ligand) is reduced (Van Naters, 2013) . This scenario argues that the firing of a neuron causes reduced spike frequency by a colocated neuron because of the close apposition (ephaptic, Greek for ''to touch'') of their neuronal processes. Although ephaptic coupling could explain lateral inhibition, other mechanisms of intraneuron inhibition may exist. While de-orphanizing odorant receptors (ORs) expressed predominantly in Cx. quinquefasciatus female antennae, we serendipitously recorded currents from an OR that generate inhibition in response to certain odorants. Further studies unraveled a hitherto unknown mechanism of peripheral, intrareceptor inhibition in mosquito olfaction.
RESULTS AND DISCUSSION

Recordings of Inward Currents and Currents in Upward Direction
In our attempts to de-orphanize ORs from the southern house mosquito, Cx. quinquefasciatus, we challenged Xenopus oocytes coexpressing CquiOR32 along with the obligatory coreceptor Orco with a panel of more than 200 compounds, including mostly physiologically and behaviorally relevant compounds (Xu et al., 2014) . Because CquiOR32 is predominantly expressed in female antennae ( Figure S1 ), we reasoned that this receptor might be involved in the reception of attractants or repellents. CquiOR32-CquiOrco-expressing oocytes generated dose-dependent inward (regular) currents when challenged with various odorants, including cyclohexanone, methyl salicylate, and 2-methyl-2-thiazoline ( Figure 1A , Table S1 ). Interestingly, however, eucalyptol, fenchone, DEET, picaridin, IR3535, PMD, and other compounds generated currents in reverse direction ( Figure 1A and Table S1 ) thus resembling inverse agonists. These unusual currents of reverse direction were reproducible, and no indication was found of adaptation (Figure 1A, inset) . No currents were recorded when oocytes alone or oocytes expressing only CquiOR32 or only CquiOrco were challenged either with methyl salicylate or eucalyptol ( Figure 1B ). However, CquiOR32-CquiOrco-expressing oocytes responded to both compounds. Methyl salicylate elicited inward currents, and eucalyptol generated currents in the reverse direction ( Figure 1B ) in a dose-dependent manner ( Figures S2 and S3 , respectively).
Current-Voltage Curves Suggest that OR32-Orco Forms Nonselective Cation Channels
To gain better insights into possible mechanism(s) of these currents in reverse direction, we obtained current-voltage (I-V) curves from oocytes expressing wild-type (WT) CquiOR32-CquiOrco with voltage clamped at À80, À60, À40, À20, 0, +20, and +40 mV and using methyl salicylate and eucalyptol as stimuli (Figures 2A and 2D, respectively) . Similar recordings were performed using N-methyl-D-glucamine chloride (NMG) as a source of bulky, impermeable mono cation (Figures 2B and 2E) or with sodium gluconate buffer (a source of bulky, impermeable anions) instead of NaCl (Figures 2C and 2F) . These data corroborate that OR32-Orco forms nonselective cation channels (Wicher et al., 2008; Smart et al., 2008; Sato et al., 2008) , as indicated by the reversal potential shift to more negative voltage upon replacement of Na + by less permeable NMG (Figures 2A and 2B ). An examination of the first and third quadrants for each graphic in Figure 2 shows that I-V curves elicited by methyl salicylate (Figures 2A-2C ) are above baseline and below control I-V curves for positive and negative voltages, respectively (a common pattern of inward currents), consistent B B B B B B B B B B B B B B B B with a potentiation of the control current by methyl salicylate. By contrast, I-V curves generated with eucalyptol, albeit not robust, are below and above control I-V curves for positive and negative holding potentials, respectively ( Figures 2D and 2E ), suggesting an inhibition effect. In the presence of eucalyptol, replacing Na + with NMG had a minor effect on the I-V curves ( Figure 2E ), whereas replacing Cl À with gluconate seems to suggest that Cl À is implicated in this inhibition ( Figure 2F ).
Eucalyptol-Induced Inhibition in Oocytes
We then surmised that these ''inhibitors'' might modulate responses to odorants when these two types of stimuli are simultaneously delivered to receptors. First, we challenged a CquiOR32-CquiOrco-expressing oocyte with methyl salicylate (0.1 mM) and then eucalyptol (1 mM) and recorded regular and reverse currents, respectively ( Figure S4 ). Then we challenged the same oocyte preparation with mixtures of methyl salicylate and eucalyptol. Binary mixtures with higher doses of eucalyptol elicited reverse currents. Inhibition was also observed with lower doses of eucalyptol, which generated dose-dependent reduced inward currents. A continuous trace displayed in Figure S4 shows no difference in the responses to methyl salicylate before and after these tests thus ruling out adaptation. Taking together, these findings suggest that ''intrareceptor'' inhibition occurred consistently with outward currents previously recorded from antennal neurons of the vinegar fly, Drosophila melanogaster (Cao et al., 2017) .
Inhibition in the Antennae of Flies Expressing CquiOR32
To test whether the inhibitory responses were manifested in vivo at the periphery of the olfactory system, we generated transgenic flies, with CquiOR32 expression driven by DmelOrco promoter, and recorded electroantennogram (EAG) responses by using a standard method (Ueira-Vieira et al., 2014) . Not surprisingly, control flies (w 1118 ) gave strong response to (E)-2-hexenal and weak response to methyl salicylate ( Figure 3A) , whereas Orco-Gal4/UAS-CqOR32 flies gave robust response to methyl salicylate, with the Recordings with methyl salicylate (blueberry) and eucalyptol (maraschino) at 1 mM, with voltage clamped at À80, À60, À40, À20, 0, +20, and +40 mV and using regular and modified buffers. (A and D, n = 9) standard buffer; (B and E, n = 5) Na + free buffer; (C and F, n = 3) Cl À free buffer. Error bars represent SEM. strong response to (E)-2-hexenal unchanged ( Figure 3B ). w1118 flies gave very weak responses to eucalyptol at high doses, but interestingly Orco-Gal4/UAS-CqOR32 flies generated dose-dependent, inverse EAG responses ( Figure 4 ). To further scrutinize this unusual reverse EAG responses, we used gas chromatography (GC) with electroantennographic detection (EAD). In GC-EAD analyses, injected mixtures (e.g., eucalyptol and methyl salicylate) are separated by GC and subjected to antennal preparations under the same condition thus ruling out any possibility of mechanical interference and minor sample contamination. Here, methyl salicylate responded with regular EAG responses, i.e., with the first phase (downward), which is referred to as rise of the receptor potential, and the second phase starting at the end of the stimulus, commonly referred to as the decline of the receptor potential (upward, return to the baseline). This is analogous to the depolarization, repolarization, and hyperpolarization of a nervous impulse. As opposed to methyl salicylate, eucalyptol consistently gave inverse EAD responses (upward then downward) ( Figure 5 ) thus corroborating what we observed in EAG analyses (see earlier discussion).
Next, we recorded EAG responses when flies were challenged with odorants and an inhibitor. First, we compared the response of w 1118 and Orco-Gal4/UAS-CqOR32 flies to (E)-2-hexenal when it was delivered alone or in combination with eucalyptol. EAG responses from w 1118 flies to 0.1% (E)-2-hexenal alone or in combination with 10% eucalyptol did not differ significantly ( Figure 6A ). By contrast, EAG responses from Orco-Gal4/UAS-CqOR32 flies to 0.1% (E)-2-hexenal plus 10% eucalyptol were significantly lower than those elicited by 0.1% (E)-2-hexenal alone ( Figure 6B ). We then examined the dose-dependent effect of this inhibition by using Orco-Gal4/UAS-CqOR32 flies. Robust responses to 0.1% methyl salicylate were reduced in a dose-dependent manner with the addition of eucalyptol ( Figure 6C ) but remained unchanged at the end of the tests. Likewise, EAG responses to 0.01% (E)-2-hexenal were reduced when coapplied with eucalyptol (0.1, 1, and 10%) ( Figure 6D ). Of note, (E)-2-hexenal does not activate CquiOR32 (Table S1 , entry #136). Such inhibition presumably results from CquiOR32 indirectly inhibiting responses of the fly endogenous receptors (e.g., DmelOR7a) to (E)-2-hexenal. In these continuous experiments, a small difference between EAG responses before and after costimulus tests may be due to loss of this volatile semiochemical from the cartridge rather than adaptation. Similar inhibition was observed when 2-heptanone was applied alone or coapplied with eucalyptol ( Figure S5 ). Taken together, these results further suggest that intrareceptor inhibition occurs in vivo as indicated by the inhibitory effect of eucalyptol on methyl salicylate responses. Additionally, the effect of eucalyptol on the response to (E)-2-hexenal suggests that intraneuronal inhibition occurred. A few lines of evidence support this hypothesis. First and foremost, eucalyptol does not cause inhibition in control flies ( Figure 6A) and (E)-2-hexenal does not activate CquiOR32 (Table S1 ). The simplest explanation is that, in Orco-Gal4/UAS-CqOR32 flies, all endogenous receptors are coexpressed with CquiOR32. Thus, CquiOR32 response to eucalyptol interferes with the response of DmelOR7a (in ab4A neuron) to (E)-2-hexenal. In short, inhibitor and agonist are likely to be acting on different receptors in the same neurons, thus an intraneuron inhibition. To further test the notion of intraneuronal inhibition, we turned to single sensillum recordings (SSRs).
Inhibition Is Also Manifested in Single Sensillum Recordings
The best ligand for ab4A, the neuron in ab4 sensilla with a large spike amplitude, is (E)-2-hexenal (de Bruyne et al., 2001) , although ab4A is also very sensitive to other ligands, including hexanal ( Figure S6 ). Contrary to ab4B, ab4A houses only one OR, namely, DmelOr7a (Hallem et al., 2004) . Because expression of CquiOR32 was driven by DmelOrco, ab4A neurons in our transgenic flies house both DmelOr7a and CquiOR32. Coexpression was confirmed by a significantly stronger response to methyl salicylate (p = 0.0001, unpaired t test) recorded from Orco-Gal4/UAS-CquiOR32 than from WT flies (Figures 7 and S6), while retaining response to hexanal ( Figure S7 ). It is known that methyl salicylate is the best ligand for DmelOr10a in ab1D (Hallem et al., 2004) but elicits only very low response in ab4A (de Bruyne et al., 2001) . The low response of WT flies to methyl salicylate did not differ significantly (p > 0.9999) when the odorant was delivered alone or codelivered with eucalyptol ( Figure 7 ). By contrast, responses recorded from Orco-Gal4/UAS-CquiOR32 flies were significantly lower (p = 0.0003) when the two stimuli were delivered simultaneously from two different cartridges (Figures 7 and S6 ). Next, we tested whether CquiOR32 response to eucalyptol would affect DmelOR7a response to a cognate ligand, hexanal. Responses of WT flies to hexanal did not differ significantly when comparing hexanal alone with hexanal plus eucalyptol ( Figures S7 and S8 ). Recordings from ab4 sensilla in the Orco-Gal4/UAS-CquiOR32 flies showed a slight, albeit not significant, increase in response to hexanal. This is unlikely to be due to hexanal activation of CquiOR32 (Table S1 , entry #128). When hexanal and eucalyptol were delivered simultaneously firing of DmelOR7a was completely abolished ( Figures S7 and S8 ). We also recorded from ab7 sensilla, which expresses DmelOR98a, in ab7A and for which butyl acetate is one of the best ligands (Munch and Galizia, 2016) . Eucalyptol elicited inhibitory response in ab7A neurons of Orco-Gal4/UAS-CquiOR32 flies ( Figure S9 ). In the transgenic flies both methyl salicylate and butyl acetate generated excitatory responses ( Figure S9 ), which were inhibited by eucalyptol (Figures 8 and S9 ). Because methyl salicylate and eucalyptol elicit inward and reverse currents in CquiOR32, this in vivo inhibition is not surprising. However, the consistent observation that eucalyptol inhibits the response of an endogenous receptor to a cognate ligand supports the notion that intraneuronal inhibition occurs when receptors are colocated in a neuron. Specifically, the inhibitory responses of CquiOR32 interferes with the activation of a collocated receptor by a cognate ligand. For example, activation of DmelOR7a in ab4A neuron by hexanal and activation of DmelOR98a in ab7A neuron by butyl acetate were both inhibited by eucalyptol upon interaction with CquiOR32. Contrary to the fruit fly, which expresses only one receptor per neuron (with a few exceptions), mosquitoes (and possibly other insect species) can coexpress multiple ORs in the same neuron (Karner et al., 2015) . 
Inhibition in Culex Mosquito Antennae
We investigated by using SSR whether inhibition would occur in antennae of the southern house mosquito. Of 240 contacts, 33 recordings from ORN-A in short sharp-tipped sensilla 2 (SST-2) showed that this neuron responded to cyclohexanone with dose-dependent excitatory responses ( Figure 9A ) and to eucalyptol ( Figure 9B ) and fenchone ( Figure 9C ) with dose-dependent inhibitory responses, thus resembling what has been observed in the Xenopus oocyte recording system ( Figure 1) . Additionally, the responses to cyclohexanone were modulated by both eucalyptol ( Figure 9D ) and fenchone ( Figure 9E ) in a dose-dependent manner.
CquiOR32 Orthologue in Aedes aegypti and Intrareceptor Inhibition
CquiOR32 has an orthologue in the genome of the yellow fever mosquito, AaegOR71 (AAEL017564), with 55.5% identity. We sequenced 20 clones and obtained 19 AaegOR71 sequences. Five clones showed sequences identical to the sequence in VectorBase and were, therefore, considered the WT. We expressed Response of the flame ionization detector (FID) was synchronized with EAD responses. For clarity only one trace of FID response is provided in these three replicates. Each EAD replicate is displayed in a different color. Methyl salicylate, 10 ng; eucalyptol 0.5 mg.
AaegOR71-WT in the Xenopus oocyte recording system (along with AaegOrco) and challenged the oocytes with compounds that elicited inward and inhibitory currents in CquiOR32. Cyclohexanone elicited inward currents, but the compounds generating the largest inward currents were 4,5-dimethylthiazole (DMT) and 2-methyl-2-thiazoline (2MT) ( Figure S10) ; no response was observed with methyl salicylate. Although eucalyptol and fenchone did not elicit measurable inhibitory currents, these two compounds reduced AaegOR71 responses to cyclohexanone, DMT, and 2MT ( Figure S10 ).
Four clones (AaegOR71-V2, GenBank MG593069) differed from WT in 7 amino acid residues, and 3 clones (AaegOR71-V1, MG593068) differed from WT in 11 amino acid residues. They both showed weak responses to odorants when tested in the Xenopus oocyte recording system. The other 7 clones differed from the WT in 6-12 amino acid residues. AaegOR71-V5 (MG593071), AaegOR71-V14 (MG593074), and AaegOR71-V15 (MG593075) differed in 12, 9, and 11 amino acid residues, respectively, and none of them responded to odorants. AaegOR71-V8 (MG593072) differed in 10 amino acid residues and showed very weak response only to the Orco agonist VUAA-1. AaegOR71-V4 (MG593070), AaegOR71-V9 (MG593073), AaegOR71-V17 (MG593076) differed in 8, 10, and 6 amino acid residues but gave weak to moderate responses to odorants. None of these variants elicited detectable inhibitory currents when challenged with eucalyptol or fenchone.
Peripheral Inhibition in the Yellow Fever Mosquito Antennae
Next, we tested whether intrareceptor inhibition might be manifested in vivo in the antennae of the yellow fever mosquito. With 350 contacts, 69 recordings were made from SST-2 sensilla. SSR showed that cyclohexanone, 2-methyl-2-thiazoline, and 2,4-dimethylthiazole elicited dose-dependent excitatory responses in neuron-A in SST-2, whereas eucalyptol and fenchone showed inhibitory responses ( Figure S11 ). When costimulated with 2-methyl-2-thiazoline and eucalyptol, the response to the odorant decreased markedly ( Figure S12 ). We then analyzed the effect of inhibitors on the responses to the three odorants that caused excitatory responses. Both eucalyptol and fenchone inhibited the responses of ORN-A in SST-2 to cyclohexanone ( Figures 10A and 10B) , 2-methyl-2-thiazoline ( Figures 10C and 10D) , and 4,5-dimethylthiazole ( Figures 10E and 10F ) in a dose-dependent manner.
Intrareceptor Inhibition Manifested in Mosquito Behavior
Evidence in the literature suggests that eucalyptol is an oviposition deterrent (Klocke et al., 1987) . We then tested in our surface landing and feeding assay (Figure 11A ) whether this inhibitory compound or other odorants would repel blood-seeking Cx. quinquefasciatus mosquitoes. In preliminary experiments, eucalyptol at 0.1%, 47.57 G 3.15% mosquitoes responded to the treatment side of the arena, whereas 52.43 G 3.15% responded to the control (n = 10, p = 0.3276; eucalyptol, 7.5 G 0.4 mosquitoes in treatment and 8.5 G 0.8 mosquitoes in the control side). With a higher dose (1%), 44.3 G 5.7% and 55.7 G 5.7% mosquitoes responded to treatment and control, respectively (n = 10, p = 0.3330; treatment, 8.1 G 1.1; control 10.1 G 1.0 mosquitoes), thus showing that eucalyptol per se is not a potent spatial repellent. Likewise, cyclohexanone did not show repellence activity at 0.1% (47.7 G 4.2% treatment versus 52.3 G 4.2% control, n = 4, p = 0.7027; 7 G 1.1 and 7.5 G 0.5 in treatment and control, respectively) or 1% (52.7 G 2.7% treatment versus 47.3 G 2.7% control, n = 4, p = 0.4950; 8.25 G 0.9 and 7.75 G 1.4 in treatment and control, respectively). Basal response to methyl salicylate (MS) recorded from WT flies did not differ when this odorant (0.1%) was delivered alone or codelivered with eucalyptol (EUC, 1%) (p > 0.9999). Spike frequency recorded from CquiOR32 flies were significantly higher than those obtained with WT flies (p = 0.0001). When codelivered with EUC (1%), the spike frequency was significantly reduced (p = 0.0003) to a level below the spontaneous activity. Error bars represent SEM.
Contrary to eucalyptol, methyl salicylate showed repellence activity. At a dose of 0.1%, the number of mosquitoes responding to the treatment side of the arena was significantly lower than the number responding to control (39.9 G 4.0% treatment versus 60.1 G 4.0% control, n = 10, p = 0.0303; 8 G 0.8 and 12.3 G 1.1 in treatment and control, respectively). At a higher dose (1%), the difference was highly significant (15.3 G 3.7% treatment versus 84.5 G 3.7% control, n = 10, p < 0.0001; 1.9 G 0.8 and 8.3 G 0.9 in treatment and control, respectively).
Because eucalyptol per se is not a repellent, we then tested the effect of eucalyptol on repellence elicited by methyl salicylate. A mixture of 1% methyl salicylate and 1% eucalyptol had significantly lower protection than methyl salicylate alone (Video S1). We repeated these experiments and tested whether eucalyptol would inhibit DEET repellency ( Figure 11B ). Here we expressed the results in protection so as to infer the potency of each repellent alone as well as in combination with eucalyptol ( Figure 11B ). Again, eucalyptol at 1% showed no protection, whereas methyl salicylate and DEET at 1% had comparable protection when freshly applied. Addition of eucalyptol at 1% to methyl salicylate led to a loss of activity. By contrast, DEET repellency was not affected when DEET 1% was mixed with eucalyptol either at 1% or 10% (Figure 11B) . These behavioral measurements suggest that eucalyptol modulates the mosquito olfactory response to methyl salicylate (but not DEET), thus reducing the behavioral response. Eucalyptol showed no effect on DEET, which is detected by CquiOR136 (Xu et al., 2014) . These findings support the notion that the above-described inhibition is manifested in mosquito behavior.
Conclusions
We provided evidence showing that the same receptor (CquiOR32) is activated by some ligands and inhibited by others (intrareceptor inhibition). When this ''inhibitory receptor'' was coexpressed with another OR we found evidence of intraneuron inhibition. Are these inhibitory compounds merely inverse agonists? If receptors are constitutively open as previously suggested for a case in the vinegar fly (Cao et al., 2017) , binding to eucalyptol (or another inhibitor) could shift the equilibrium toward the closed, inactive form of the receptor. However, CquiOR32 agonist and inhibitors are chemically so dissimilar that is hard to conceive, albeit possible, that both types of compound bind to the same orthosteric binding site as in the case of inverse agonists. It is, therefore, more likely that these are negative allosteric modulators. Of note, there is already evidence in the literature suggesting that there is positive allosteric modulation of mosquito ORs when expressed in insect cells (Tsitoura and Iatrou, 2016). Here we found in vitro and in vivo evidence suggesting that negative allosteric modulation may occur. It is known that insect ORx-Orco complexes form agonist-activated cation channels (Wicher et al., 2008; Smart et al., 2008; Sato et al., 2008) . Upon binding, cation channels are open and an influx of cations generates inward currents. Theoretically, outward currents could be elicited by chloride influx. In insects, the difference in chemical composition of the sensillum (=receptor) lymph and hemolymph generates the standing electrical potential, i.e., the transepithelial potential, and it favors a possible Cl À influx (Steinbrecht, 1992) : sensillum lymph, K + 200 mM; Na + 25 mM; Cl À , 25 mM; hemolymph, K + , 36 mM; Na + 12 mM; Cl À , 12mM; organic anions make the balance (Kaissling and Thorson, 1980) . In the mammalian olfactory system in which the Cl À gradient is reversed, Cl À efflux (inward current) depolarizes the membrane further (Hartzell et al., 2005) , thus providing the most pronounced amplification of the odor signal within the whole signal transduction cascade (Wicher, 2015) . In summary, the exact mode of action of these putative negative allosteric modulators are yet to be elucidated, but apparently Cl À currents are involved.
Limitations of the Study
Our dataset provided strong evidence for intrareceptor and intraneuron inhibition, but to unambiguously elucidate the mode of action of these inhibitory responses that lead to (outward) reverse currents in 
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Ye, Z., Liu, F., and Liu, N. (2016) . Olfactory responses of southern house mosquito, Culex quinquefasciatus, to human odorants. Chem. Senses 41, 441-447. 
Transparent Methods
Insect preparations
Cx. quinquefasciatus used in this study were from a laboratory colony originating from adult mosquitoes collected in Merced, CA in the 1950s (Syed and Leal, 2008) 
Behavioral studies
Repellency was measured using a previously reported surface landing and feeding assay . The arena (30.5 × 30.5 × 30.5 cm) housing test mosquitoes was attached to a frame that supported a wood board (30 × 30 × 2.5 cm) and held two Dudley bubbling tubes and two syringe needles separated from each other by 17 cm. The Dudley tubes were painted internally with black glass ink and dried before use. They were placed on a transverse plane at the middle line of the wooden board. One side of the mosquito cage was prepared with a red cardstock having openings to allow the Dudley tubes and syringe needles to protrude inside of the mosquito cage by 5.5 and 4 cm, respectively. Each syringe was placed 8 mm above a
Dudley tube so to have enough room to tightly hold dental cotton rolls. Insect pins were placed 1.8 cm above the syringe needles to hold filter paper rings (width 4 cm; 25 cm; overlapped 1 cm for stapling), which were loaded with test repellent or solvent (hexane, control polyvinylpyrrolidone. The reference electrode was inserted in the eye of an immobilized insect and the recording electrode was placed on the third segment of a fruit fly antenna by using a micromanipulator MP-12 (Syntech). Single sensillum recording from flies were obtained as previously reported (Syed et al., 2010) . Compounds used as stimuli were freshly dissolved in paraffin oil and loaded on a filter paper strip (1 cm 2 ), which were placed into Pasteur pipettes as cartridges. The preparation was bathed in a high-humidity air stream flowing from a Stimulus Controller CS-55 (Syntech) at 610 mL/min to which compensatory flow or stimulus pulse (125 mL/min, 300 ms) was added. For dual delivery, the stimulus flow was split and passed through 2 cartridges, each one having a filter paper strip laden with one of the tested compounds. The outlets of these cartridges merged in the continuous flow and placed 1 cm away from the antennal preparation. Signal from the antenna induced by stimulus or control puff was recorded for 10 s. Gas chromatography with electroantennographic detection (GC-EAD) was done with a gas chromatograph (HP 5890 Series II Plus, Agilent Technologies, Palo Alto, CA) equipped with transfer line and temperature control units (Syntech, Kirchzarten, Germany). The effluent from the capillary column was split into EAD and flame ionization detector (FID) in a 3∶1 ratio. The analog signal was fed into an A/D 35900E interface (Agilent Technologies) and acquired simultaneously with FID signal on an Agilent Chemstation. The gas chromatograph was equipped with a capillary column (HP-5MS, 30 m×0.25 mm; 0.25 µm;
Agilent Technologies). The temperature program started at 70°C for 1 min, increased at a rate of 10°C/min to 110°C then increased at a rate of 20°C/min to 290°C and finally held at this final temperature for 1 min. After identifying the retention times of eucalyptol and methyl salicylate, data were acquired from 4 to 8 min. Both injection port and detector were operated at 250 o C.
For mosquito SSR, 4-to 5-day-old females were used after being anesthetized on ice and fixed with a 200-µL pipette tip (6). Mosquitoes were fixed with dental wax and using a cover slip (22 X 22 mm) with double-sided tape. The reference tungsten electrode was inserted into one eye of a test mosquito, whereas the recording electrode was inserted into the shaft of a test sensillum under a microscope (Leica Z6 Apo) by using a micromanipulator (Leica, Cat #: 115378). Chemical compounds used as stimuli were freshly prepared with dimethyl sulfoxide (DMSO) at desired concentrations and 1 µL of each chemical solution was dispersed onto a piece of filter paper (3 × 45 mm), which was inserted into a glass Pasteur pipette to create a stimulus cartridge. The preparation was bathed in a high-humidity air stream flowing from a Stimulus Controller CS-55 (Syntech) at 20 mL/s to which compensatory flow or stimulus pulse (0.5 L/min, 500 ms) was added. The signal acquired by a preamplifier (Universal AC/DC Probe Gain 10X, Syntech) was digitized by using an IDAC 4 (Syntech). Action potential evoked by stimulus or control puff was recorded for 10 s, starting 1 s before the stimulation.
Action potentials were counted off-line over a 500-ms period before and after the stimulation . Specifically, firing rates observed during 500 ms post-stimulus were subtracted from spontaneous activities observed in the 500 ms pre-stimulus period and the outcome was multiplied by 2 to obtain the number of spikes per second .
The 2-electrode voltage-clamp technique (TEVC) was performed as previously described , Xu et al., 2014 , Xu et al., 2012a , Xu et al., 2012b , Zhu et al., 2013 . Briefly, the capped cRNAs were synthesized using pGEMHE vectors and mMESSAGE mMACHINE T7 Kit (Ambion). Purified OR cRNAs were resuspended in nuclease-free water at 200 ng/mL and 9.2 nl aliquots were microinjected with the same amount of CquiOrco cRNA into Xenopus laevis oocytes in stage V or VI (purchased from EcoCyte Bioscience, Austin, TX). Then, the oocytes were kept at 18 o C for 3-7 days in modified Barth's solution (NaCl 88 mM, KCl 1 mM, NaHCO3 2.4 mM, MgSO4 0.82 mM, Ca(NO3)2 0.33 mM, CaCl2 0.41 mM, HEPES 10 mM, pH 7.4) supplemented with 10 mg/mL of gentamycin, 10 mg/mL of streptomycin. Odorant-induced currents at holding potential of -80 mV were collected from oocytes bathed in perfusion Ringer (NaCl 96 mM, KCl 2 mM, CaCl2 1.8 mM, MgCl2 1 mM, HEPES 5 mM. pH 7.6) flowing at 3.2 ml/min. For I-V curves, the holding potentials were held at -80, -60, -40, -20, 0, +20 and +40 mV. Stimulus were injected (100 µl in 2 s) at 1 cm upstream of the flow. After each stimulus, oocytes were thoroughly washed until a steady baseline was recovered. Source doses rather than the actual doses reaching oocytes are reported. Currents were amplified with an OC-725C amplifier (Warner Instruments, Hamden, CT), low-pass filtered at 50 Hz and digitized at 1 kHz.
Data acquisition and analysis were carried out with Digidata 1440A and pCLAMP 10 software (Molecular Devices, LLC, Sunnyvale, CA). The panel of odorants is detailed in Table 1 . N-(4-ethylphenyl)-2-[(4-ethyl-5-pyridin-3-yl-1,2,4-triazol-3-yl)sulfanyl]acetamide (VUAA-1) was used as an Orco agonist.
